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Why are HABs so Desirable?

• At the balloon altitude (>25 km) the environment 

is near space-like

• Offers imaging nearly free of atmospheric 

degradation (atmospheric seeing)

• Low wind speeds

• Large coherence lengths (>8m @ 25km altitude) 

• Offers imaging in spectral bands completely 

blocked by the atmosphere for ground based 

observations 

• The cost of a balloon mission is much less than 

a space mission 

• One or more such missions flown per year

• Attractive for scientists in lean budget times
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Environmental Challenges

• Thermal 

• Aberrations and misalignments

• Difference between STABLE hot and cold cases was ~80C

• Vibrational 

• Motors and reaction wheels with high frequency content

• STABLE closed loop system with high bandwidth (~50Hz)
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BIT-STABLE Overview
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(University of 
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Zero Pressure Balloon 
 Objectives 

Chemistry and atmospheric dynamics in the stratosphere 

Astrophysics  

 Mission : <1000 kg at hook & several days of flight duration 

 Zero Pressure balloon 

Volume : from 3 000 m3 to 1 200 000 m3 

Altitude : from 20 km to 40 km 

 Growth potential 

Useful mass & flight duration 
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BIT-STABLE Mission Concept
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STABLE Objectives
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STABLE is the payload/fine control stage for a technology demonstration that will 

demonstrate subarcsecond pointing stability from a balloon platform for 

applications to balloon-borne astronomy.  



STABLE Hardware
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STABLE Hardware
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Telescope (TEL)

Equinox Interscience, Custom

PDM: Mike Borden, 382B

Integrated Optical Bench Assembly (IOBA)



Telescope Design
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piezoelectric actuator packaging are included to determine 

the actuator position. Mounted on top of the piezo actuator, 

the FSM flat mirror has a diameter of 4.8 cm and is made 

of fused silica. The electronics are custom-designed by JPL 

to be able to operate in the HAB mission environment and 

can tolerate a piezoelectric slew rate of up to 66 mrad/s. 

The electronics also include an internal control loop (which 

can be turned off) using the strain gauge information to 

minimize nonlinearities such as creep and hysteresis. 

Overall, this FSM system is the only actuator in the high-

bandwidth control loop and is given commands at 1 kHz. 

It is not momentum-compensated because subsequent 

analysis showed that this functionality was not needed. 

The RFS, on the other hand, is used in between 

observations to refocus the system after experiencing 

thermal drift and is not included in the high-bandwidth 

control loop. The RFS, which carries the guide camera, is 

an off-the-shelf unit manufactured by Zaber Technologies 

(T-LSM050A-SV1). It has a maximum travel from one end 

to the other of 50 mm, and it can traverse this distance in 

less than 30 seconds. The settling time of the detector after 

a change of RFS position was measured to be less than 0.5 

seconds. Although this commercial-off-the-shelf (COTS) 

unit is not designed to operate in a HAB environment, 

component testing showed that it can achieve a 

commanded position to within 60 µm across its operating 

thermal range (-25 °C to +30 °C) even under a worst-case 

inclination angle and a harness-induced resistive force of 1 

N.  

Figure 5 STABLE Camera (a) detector Quantum Efficiency, reproduced from the vendor-supplied specification sheet 

[7], (b) mounted on the integrated optical bench assembly  

Figure 4 STABLE optical design 

 



IOBA Components
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Integrated Optical Bench Assembly

Attitude Rate Sensor (ARS) 

JPL’s Balloon Initiative 

(Kurt Liewer)

Applied Technology Associates 

Multi-Axis ARS Dynapak

PDM: Herrick  Chang, 3443

Fine Guidance Camera 

Computer (FGCC)

Advantech PCM-9363, 

ACK-A001E chassis

PDM: Carson Umsted, 349D

Command and Data 

Handling Assembly (CDH),

SpaceMicro P400, ADC/DAC, 

Ethernet, Power Card

PDM: Carson Umsted, 349D

Power Distribution Unit 

(PDU), 

PCC: JPL In-House, 

PSC: SpaceMicro

PDM: Carson Umsted, 349D

Harness (HRN)

JPL In-House, John 

Maciejewski, 349D

PDM: Carson Umsted, 349D



IOBA Components
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Fine Guidance Camera (CAM)

University of Durham,

(Richard Massey)

Basler A2320

PDM: Herrick Chang, 3443

FSM Electronics (FSM ELEC)

JPL In-House Chris Shelton, 383F

PDM: Herrick Chang, 3443 

Fold Mirror (FDM)

JPL In-House SIM Testbed

PDM: Mike Borden, 382B

Black Kapton Tape (THR)

JPL In-House

PDM: Hared Ochoa, 353K

Refocusing Stage (RFS)

Zaber Technologies Inc. 

T-LSM050A-SV1

PDM: Mike Borden, 382B

Fast Steering Mirror (FSM)

Physik Instrumente Actuator S-330

Edmund Optics Mirror 64-019 Custom

PDM: Mike Borden, 382B 



IOBA Components
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Bipod Mount to Telescope

JPL In-House

PDM: Mike Porter, 382B

Optical Bench Assembly (OBA)

JPL In-House

PDM: Mike Porter, 382B

Telescope Stiffener Plate

Equinox Interscience, 

JPL Design Modifications

PDM: Mike Borden, 382B

Heater Assembly 1&2

MINCO Polyimide Thermofoil

Honeywell 3200 Series Thermostats

PDM: Hared Ochoa, 353K

Temperature Sensors (PRTs)

Honeywell HRTS PRTs 

Ohmite 43F7K5E 7.5 kilo-ohm Resistors

PDM: Hared Ochoa, 353K

Flight Software (FSW)

JPL In-House

PDM: Aadil Rizvi, 349G

Pointing Control Algorithms (PCS ALG)

JPL In-House

PDM: Milan Mandic, 3443



Control Loop
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Avionics System 

The STABLE avionics system, shown in Figure 6, includes 

the power distribution unit (PDU), the STABLE main 

flight computer box (CDH), and the Fine Guidance Camera 

Computer (FGCC). The STABLE PDU is a set of two 

cards that are mounted inside the main CDH assembly. The 

JPL-designed Power Converter Card in the PDU simply 

accepts unregulated 28 V (-8 V / +4 V) input and distributes 

it to the following lines: ±12 V at 1 A, + 12 V at 2A, +15 

V at 0.5 A, + 28 V at 2.5 A, and two +28 V at 4.3 A. The 

Power Switch Card then adds switches to each line. As a 

whole, the PDU can tolerate a sustained peak power of 200 

W (including the unregulated thermal power).  

The STABLE CDH assembly is a customized stack 

containing a set of cards including: a Proton400k running 

VxWorks, an analog-to-digital (ADC) with 12 significant 

bits and a digital-to-analog (DAC) converter with 14 

significant bits, a power card, and an Ethernet card, in 

addition to the aforementioned PDU cards. The computer 

in the CDH box serves as both the STABLE interface with 

the gondola through an Ethernet connection, and the 

location of the bulk of the fine control loop software. The 

ADC/DAC has 27 ADC channels and 4 DAC channels; 

through these channels it is connected to the ARS, the FSM 

electronics, and the thermal hardware. The CDH also 

communicates with the refocusing stage via a serial 

connection and converter.  

The FGCC is an Advantech PCM-9363 running Linux that 

serves as the primary interface with the guide camera. As 

shown in Figure 6, the FGCC sends commands to and 

collects data from the guide camera, but the CDH computer 

sends the digital trigger to collect images at the command 

of the control algorithm. The FGCC is used to acquire and 

process the images, although the non-deterministic timing 

of the Ethernet connection leads to occasional dropped 

images during closed-loop mode. The FGCC also houses 

the algorithms that compute the centroid location of the 

point spread function in each image. These data are then 

stored on a solid state drive with 120 GB of non-volatile 

memory and can read and write memory at 50 MB/s.  

Flight Software and Control Loop Algorithm  

STABLE’s software is responsible for handling 

communication with the coarse stage, managing faults, and 

successfully implementing the various phases of the 

technology demonstration (calibrating the camera, 

acquiring the guide star, and refocusing the detector, as 

well as running the control loop). The STABLE flight 

software architecture is designed to be a real-time platform 

for executing the control algorithm at 1000 Hz, 

maintaining camera image transport delay below 30ms, 

and managing the behavior of the entire payload 

autonomously during flight to collect the necessary 

information from each sensor and properly update the 

actuators. 

The STABLE control loop is shown in Figure 7.  To 

achieve subarcsecond stability, it is necessary to maximize 

the closed loop bandwidth to attenuate environmental 

dynamics and HAB induced vibrations, especially those at 

higher frequencies (~50Hz). Although the disturbance 

environment for HABs is naturally characterized by lower 

frequency content, a typical HAB coarse pointing stage 

must use actuators such as reaction wheels or motors to 

control the platform. These actuators can induce higher 

frequency vibrations that travel through the structure and 

Actuators! Sensors!

ARS!

CAM!

FSM !

RFS !

Mode Commander!

Estimator!Centroiding! Controller!

ARS 
compensator!1kHz!

1kHz!

1kHz!

50Hz!50Hz!

Target Centroid 
Location!

1kHz!

1kHz!

1kHz!

“Virtual Camera” 
measurement !

+!

Control Loop!

Acquisition! Focusing!
Detector 

Calibration!

Figure 7 Control mode block diagram  



Error Budget
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cause unwanted motion of the line of sight (as experienced 

by WASP, SUNRISE, BLAST and expected by 

STRATOSCOPE II). After studying the disturbance 

environment and experiences of previous missions 

(specifically SUNRISE and BLAST), it was determined 

that 50 Hz control bandwidth was sufficient to achieve 

subarcesecond stability. STABLE’s -3 dB bandwidth is 

thus approximately 65 Hz.     

In order to achieve this bandwidth, the STABLE estimator 

algorithm blends 1 kHz information from the ARS and the 

FSM strain gauges, and 50 Hz information of the star 

centroid location on the camera detector to estimate the 

error of the line of sight with respect to a reference location. 

This information is then sent to the STABLE controller that 

provides commands to the FSM at 1 kHz. This blending of 

higher and lower frequency information is key to 

STABLE’s control bandwidth. The ARS measurements 

can be used to estimate the angular rates at which the line 

of sight is moving but, if used as the sole feedback control 

sensor, would cause the line of sight to drift over time. The 

guidance camera provides direct line-of-sight absolute 

information that takes out the drift, but at lower frequency 

than the ARS can operate. In fact, in order to even support 

the 50 Hz image update, the STABLE centroiding 

algorithms use only a 100 x 100 pixel (0.21 arcminutes on 

the sky) window. This window is centered on the guide 

star’s location on the detector at its first acquisition during 

that observation. The windowed image is stored for later 

analysis, but the entire image is not. This window size was 

chosen based on the assumed minimum coarse stage (BIT) 

3σ stability performance, which corresponds to a motion of 

47.5 pixel radius (6 arcseconds on the sky) over two 

minutes. Therefore, with this window size the point spread 

function of the guide star is likely to remain within the 

window so that STABLE can then control the stability of 

the system to within a 3σ motion of 2.4 pixels radius (0.3 

arcseconds on the sky). 

 

6. POINTING ERROR BUDGET  

Given STABLE’s design, it is clear that there are many 

factors in the system that can affect the pointing stability of 

the boresight of the telescope on the sky. These factors can 

be grouped together, as shown in the project error budget 

in Figure 8, into control errors and knowledge errors. 

Control errors come from the ability of the system to 

actively remove disturbances from the system dynamics 

given perfect knowledge, whereas knowledge errors affect 

the ability of the system to sense those disturbances. Note 

that not all errors are given separate allocations in the 

system error budget because they were instead controlled 

with detailed requirements specifying specific values for 

that parameter. Together, these errors must be below the 

required performance for STABLE’s technology 

demonstration.  

The STABLE allocations shown in Figure 8 highlight the 

fact that the majority of the pointing stability disturbances 

are expected to come from the pointing control errors. 

Control errors derive from the external and internal 

disturbances and their interactions with the flex body 

modes of the STABLE structure. The only STABLE-

internal disturbance during an observation comes from the 

uncompensated actuated mass of the fast steering mirror. 

However, the anticipated interaction of this disturbance 

with the system’s structural modes is small because the 

FSM actuated mass is small relative to the significant 

inertia of the IOBA. The interactions of the environmental 

disturbances with the STABLE structural modes are 

expected to be almost an order of magnitude larger than 

those due to the FSM motion. Similarly, certain mapping 

and alignment control errors can affect the control of the 

system, such as the mapping of the FSM motion onto the 

detector. The error budget required that the roll error (i.e., 

errors in the FSM tip/tilt motion that generated motion in 

the roll direction on the detector) be less than 2 mrad and 

the translational error (the error in the FSM range to the 

center of the detector due to imperfect control on the 

Figure 8 STABLE pointing error budget elements and selected allocations 



STOP Analysis Pipeline
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Figure 8. Zaber T-LSM050A-SV2 vacuum compatible translation stage 

 

1.4 Thermal-Optical-Mechanical Analysis Overview 

In order to evaluate the expected system performance over the wide variety of possible 

environmental conditions, it is critical to understand the system’s thermal-mechanical-optical 

interdependencies. As such, the STABLE team performed an extensive Structural, Thermal, 

Optical Performance (STOP) modeling effort that informed the design of these critical 

subsystems and generated the end-to-end performance estimates for the as-built STABLE 

system. This type of comprehensive analysis is common for space-based systems with a much 

higher budget. Figure 9 shows the interface products and models associated with the STABLE 

STOP analysis. This paper describes the thermal, structural, and optical models used in the 

analysis, explains the results of each of these analyses, and details the sensitivities of the 

STABLE system that drove the ultimate design and performance in each of these subsystems. 

The modeling methodology used for the thermal-optical portion of this mission is consistent with 

the approach used on the CIDRE instrument.
11

  

 

 
Figure 9. STABLE STOP analysis workflow 

 

 



STABLE Predicted Performance

STR-THR-OPT

Optical Performance at Float

CDH-FSW-PCS

High-Bandwidth Loop

Key Perf.

Spec

Major 

Sensitivities

Strehl Ratio: 0.376 to 0.739

Target:  0.6

Pointing Stability: 94.5 mas

Target: 100 mas

• PM-to-SM spacing (1:36 change 

in spacing to back focus distance) 

• Gravity sag at high elevation 

angles causes worse performance

• Large thermal range (80 degC) 

leads to spread of Strehl

• ADC noise / effective bits (12 

effective bits instead of 14 led to 

~30 mas of pointing stability hit)

• Acquisition and centroiding are 

sensitive to high noise levels
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milliarcsecond pointing stability over 60 seconds (1-σ). 

The system is designed to tolerate – and operate – in the 

demanding environments posed by a HAB platform, and 

the resulting design has been shown to meet its overall 

pointing objectives. Specifically, the end-to-end pointing 

performance estimates (which uses measured performance 

parameters from the as-built system) indicate that in a 

nominal thermal and gravity case, the system will achieve 

94.5 milliarcseconds pointing stability over 60 seconds (1-

σ). Additional tests in the laboratory environment 

demonstrate that the centroiding part of the control loop 

was successfully implemented in the STABLE hardware, 

buttressing the claims of the end-to-end system analysis. 

With these results, STABLE is well-poised to demonstrate 

this critical HAB platform technology in flight. 
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Conclusions

• STABLE tackles sub arcsecond pointing stability

• Major challenges

• Large variation in predicted thermal environment

• Implementation of high bandwidth control loop

• STABLE can achieve 0.945 arc second [over 60 sec, 1σ]

• STABLE was tested in a lab environment
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EXTRA MATERIAL
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BIT/STABLE as a Stepping Stone
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• BIT-STABLE will develop and demonstrate the fine 

instrument pointing capability 

22
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Enables high precision 

pointing 

High Altitude Balloons:
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STABLE Payload
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STABLE Payload
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STABLE CDH Diagram
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Thermal Hardware  

The STABLE thermal system has different strategies for 

the two main hardware assemblies (the telescope and 

IOBA). The telescope temperature is not actively 

controlled, but eight Honeywell HRTS-5760-B-U 

Platinum Resistance Thermometers (PRT) are mounted on 

the thermally-sensitive elements on the telescope to 

measure the effect of the environment on the telescope 

temperature. [9] All PRT values are recorded in telemetry 

in order to estimate (on the ground) parameters such as the 

effective focal length.  Thermal analyses for the system 

(described in more detail in Borden et. al. [6]) suggest that 

the telescope will remain below 0 °C even in the hottest 

bounding case.  

For the IOBA, on the other hand, the thermal system is 

designed to maintain a temperature between 2 °C and 8 °C 

across the assembly using two thermostat-controlled 

heaters reading the temperature from two additional PRT 

sensors. These heaters make the STABLE thermal system 

the largest consumer of energy on STABLE. This 

temperature range was selected to lower the risk of 

performance degradation for the COTS parts mounted to 

the IOBA due to excessively cold temperatures. However, 

because of the low thermal conductivity through the 

carriage of the RFS, there were concerns that the guide 

camera was actually nearing its maximum allowable 

temperature during operation. To prevent this overheating, 

the camera is connected to the IOBA with a thermal strap.    

Figure 6 STABLE Avionics Block Diagram 



Key I&T Activities: Telescope Alignment
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First Light Through Telescope at JPL
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• Design to prove 0.1 arcsec stability for at least 60 seconds 

• 1-σ each axis 

• given coarse-stage pointing to within 2 arc sec 1-σ for at least 120 

seconds.

• Use a point source of light

• Use light within the 400-900 nm band

• With SNR less than or equal to 25 

• On a balloon-borne platform above an altitude of 25 km.

Minimum Success 

• Closed loop tracking of target in lab environment

STABLE Objectives
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• Design to prove 0.1 arcsec stability for at least 60 seconds 

✓ 1-σ each axis 

✓ given coarse-stage pointing to within 2 arc sec 1-σ for at least 120 

seconds.

✓Use a point source of light

✓Use light within the 400-900 nm band

✓With SNR less than or equal to 25 

✘On a balloon-borne platform above an altitude of 25 km.

Minimum Success 

✔Closed loop tracking of target in lab environment

STABLE L1s today
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STABLE Throughout the Years
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At PMSR, Feb 2013 At PDR, Nov 2013 At CDR, Aug 2014

At Payload I&T, Apr 2015



Technical Resources
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Resource Value

Pointing Allocation 100 mas

CBE 94.5 mas

Mass Allocation 227 kg

CBE 155.2 kg

Energy Allocation 6500 W-hr

CBE 2804 W-hr

Peak Power Allocation 1600 W

CBE 695 W

Strehl Ratio Requirement > 0.6

CBE 0.631 (nom)

Data Storage Requirement <120 GB

CBE 58 GB

CPU Utilization Requirement <100%

CBE 76.4%



Flight Conditions

Strehl

Ratio

Error RMS 

(mas)
Tip Tilt

Case 3 = Nominal Beginning of Night @ 25 deg elevation angle 0.733 92.1 87.7

Case 1 = Nominal Beginning of Night @ 40 deg elevation angle 0.631 94.5 89.4

Case 2 = Nominal Beginning of Night @ 55 deg elevation angle 0.474

Case 12 = Nominal End of Night @ 25 deg elevation angle 0.694 92.0 87.7

Case 10 = Nominal End of Night @ 40 deg elevation angle 0.573 92.6 87.4

Case 11 = Nominal End of Night @ 55 deg elevation angle 0.444

Case 6 = Worst Case Hot @ 25 deg elevation angle 0.739 93.7 89.2

Case 4 = Worst Case Hot  @ 40 deg elevation angle 0.65 90.9 86.2

Case 5 = Worst Case Hot @ 55 deg elevation angle 0.492 92.0 86.0

Case 9 = Worst Case Cold @ 25 deg elevation angle 0.647 93.5 88.9

Case 7 = Worst Case Cold @ 40 deg elevation angle 0.528 91.6 86.5

Case 8 = Worst Case Cold @ 55 deg elevation angle 0.376 93.8 84.0

Summary of Full STOP Analysis

32

Analysis shows that STABLE would meet its L1 objectives



STABLE Error Budget

L4

L3

L2

L1

RSS

30% margin 30% margin 

100 mas 64.0 mas

1232 Total Pointing

(1σ, per axis in tip,tilt)

CBE

50 mas

7377 Knowledge Error

86 mas

7376 Control Error

35 mas 23.7 mas

9641 PLD Knowledge CBE

61 mas 59.4 mas

9640 PLD Control CBE

ARS Performance

FSM Sensing 

Performance

30 mas

7402 Centroiding Error

Camera PerformanceOptical Performance
Flex Mode 

Disturbances

FSM Controller 

Performance

Other PCS/CDH/ 

FSW  Req.
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